A multiplex TaqMan real-time PCR to detect carbapenem-hydrolysing class D b-lactamases (bla OXA-23 -like, bla OXA-24/40 -like, bla OXA-51 -like and bla OXA-58 -like genes) was developed and evaluated for early detection of imipenem (IMP) resistance in clinically significant Acinetobacter baumannii isolates. Well-characterized strains of A. baumannii were used as positive controls and non-Acinetobacter strains were used to assess specificity. Analytical sensitivity was quantified by comparison with the number of bacterial c.f.u. Forty of 46 (87 %) clinically significant and IMPresistant A. baumannii isolates were positive for the bla OXA-23 -like gene, and one isolate (2 %) was positive for the bla OXA-58 -like gene. The bla OXA-24/40 -like gene was not detected in any of the 46 IMP-resistant strains and the bla OXA-51 -like gene was identified in both IMP-resistant and non-resistant A. baumannii. All 11 non-Acinetobacter bacteria produced a negative result for each of the four bla OXA genes. This assay was able to detect as few as 10 c.f.u. per assay. This real-time PCR method demonstrated rapid detection of OXA-like carbapenem resistance in A. baumannii in comparison with phenotypic susceptibility testing methodology. This method could be adapted to a multiplexed single reaction for rapid detection of genes associated with carbapenem resistance in A. baumannii and potentially other clinically significant multidrugresistant Gram-negative bacteria.
INTRODUCTION
Acinetobacter baumannii continues to emerge as an opportunistic bacterial pathogen associated with up to 10 % of Gram-negative bacterial infections and is frequently associated with nosocomial outbreaks in patient care settings worldwide . Health-care systems supporting both civilian and military medicine have increasingly reported multidrug-resistant (MDR) A. baumannii infections that are resistant to most classes of antibiotics used to treat Gram-negative infections (Abbo et al., 2005; Davis et al., 2005; Scott et al., 2007) . As carbapenems have become a common treatment option for Acinetobacter infections, there are increasing reports of carbapenem resistance in A. baumannii isolates worldwide (Higgins et al., 2010) . There are three classes of b-lactamase associated with carbapenem resistance: the group 2 class A Klebsiella pneumoniae carbapenemases (KPCs), the group 2 class D oxacillinases (OXAs) and the group 3 class B metallo-b-lactamases (MBLs) (Bush & Jacoby, 2010) . Within the class D OXA b-lactamases, four groups of carbapenem-hydrolysing enzymes correlate with imipenem (IMP) resistance in A. baumannii, the intrinsic OXA-51-like and the three acquired OXAs, OXA-23-like, OXA-24/40-like and OXA-58-like b-lactamases (Poirel et al., 2010) .
Current phenotypic testing for antimicrobial susceptibility in the clinical microbiology laboratory takes days to report results and is occasionally unreliable for some highly resistant strains (Tenover et al., 2006) . Molecular biologybased methods, such as DNA-DNA hybridization, PCR amplification and DNA sequencing, have been widely used for antimicrobial resistance gene identification (Woodford et al., 2006; Frye et al., 2010; Huang et al., 2010) . Real-time PCR, using fluorescent probes on newly developed diagnostic platforms, offers the potential for rapid and accurate antimicrobial susceptibility testing with decreased turnaround times for reporting of therapeutic results (Barraud et al., 2010) . Currently, there are no standardized or commercially available real-time PCR assays for rapid detection of carbapenem resistance in Gram-negative bacteria in a single reaction. The purpose of this study was to develop a multiplex TaqMan real-time PCR for the detection of four carbapenem-resistance genes -bla OXA-23 , bla OXA-51 , bla OXA-24 and bla OXA-58 -in A. baumannii. Successful validation studies in the clinical microbiology laboratory may result in the ability to inform therapeutic decisions and institute appropriate infection control precautions more rapidly.
METHODS
Bacterial strains and growth conditions. Sequenced A. baumannii strains AB0057 (bla and bla OXA-51 on chromosome; Adams et al., 2008) , ACICU (bla OXA-58 on plasmid, bla OXA-51 on chromosome; Iacono et al., 2008) and commercially purchased NCTC 13302 (carries bla OXA-25 , a control for bla ; obtained from the Health Protection Agency, Salisbury, UK) were used as positive controls for assay establishment. Eleven non-Acinetobacter and IMP-sensitive isolates of laboratory stock were used to assess assay specificity (negative control) ( Table 1) . Forty-six IMP-resistant and 11 non-IMP-resistant clinical A. baumannii strains, defined by phenotypic antimicrobial susceptibility test using a Dickinson Phoenix NMIC/ ID133 panel (Becton Dickinson) and conventional PCR, isolated from US service members wounded in Iraq (Huang et al., 2012) , were used for validation of the assay (Table 1 ). All bacteria were grown on heart infusion base agar plates overnight at 37 uC for later use.
Assay sensitivity and specificity. To determine the lowest number of c.f.u. detectable by the real-time PCR for assay sensitivity, bacterial lysates from serial dilutions of the bacterial suspensions were produced by boiling for 5 min and tested. Briefly, each freshly cultured positivecontrol bacterial lysate was suspended in 1 ml PBS to an OD 600 of~1, from which tenfold serial dilutions were made to up to 10
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. One microlitre of each dilution was used as DNA template for each PCR. In addition, 100 ml of each dilution was spread evenly in duplicate on heart infusion base agar plates to determine the lowest number of c.f.u. detectable. Plates were incubated for 24 h at 37 uC, the colonies were counted and results from duplicate plates were calculated for mean c.f.u. and SD. The positive-and negative-control samples described above were used for specificity assessment.
Fluorescence-based quadruplex TaqMan real-time PCR. Four bla OXA gene sequences (bla , bla OXA-24/40 , bla OXA-51 and bla OXA-58 ) were obtained from the NCBI sequence database (http://www.ncbi. nlm.nih.gov). The primers and probes (Table 2) were designed using Integrated DNA Technologies online software (IDT; http://eu. idtdna.com/) and subsequently synthesized and fluorescently labelled by IDT. To ensure that concentrations of each individual primer pair and probe were adequate for amplification, a singletarget monoplex TaqMan real-time PCR to detect each of the four bla OXA genes was performed before pooling the primers and probes together for a quadruplex TaqMan real-time PCR. A SmartCycler System 3.0 (Cepheid) with four fluorescence channels capable of detecting four gene targets was employed as the PCR platform. Platinum Quantitative PCR SuperMix-UDG (Invitrogen) was used for PCRs. The optimized mixture of components was 12.5 ml 26 concentrated Platinum Quantitative PCR SuperMix-UDG, 0.5 ml (20 mM) of each of the four upstream primers, 0.5 ml (20 mM) of each of the four downstream primers, 0.25 ml each probe (20 mM), 0.1 ml ROX reference dye and 7.4 ml H 2 O per reaction (25 ml in total). The real-time PCR cycles were one cycle of 95 uC for 30 s, followed by 40 cycles of denaturing at 95 uC for 30 s and annealing at 68 uC for 30 s. The fluorescence threshold was set at 30 as the default value. Electrophoresis was conducted on a 2.5 % agarose gel with a 20 bp ladder (Bio-Rad) as the DNA size standard for size determination of the amplicons.
Reproducibility of the real-time PCR and the shelf life of reagents. Two independent quadruplex TaqMan real-time PCR experiments for representative samples from each of four classes of class D carbapenems were performed in duplicate with the boiled DNA lysates to confirm reproducibility. All reagent working solutions such as primers, probes and PCR mix were stored at 4 uC and their shelf life was tested once every week for 4 weeks.
RESULTS

Assay optimization and specificity
Monoplex TaqMan real-time PCR for each individual bla OXA gene was tested first by using positive-and negativecontrol samples to ensure that the primers and probes were functional. In all cases, the expected fluorescent signals were detected by the SmartCycler, and amplicons of the expected size for each bla OXA gene PCR product were identified by agarose gel electrophoresis for the positive control samples (Fig. 1) , while there were no discernible signals or DNA bands on the gels for the negative control samples (not shown). The four pairs of primers and probes were then pooled together for quadruplex PCR. All OXA-23, OXA-24/40, OXA-51 and OXA-58 positive-control strains showed positive signals by quadruplex PCR (Fig. 2 , Table 1 ). The same result was obtained with monoplex PCR. Eleven non-Acinetobacter bacterial strains covering eight species had negative results for each of the four bla OXA gene assays (Table 1) .
Assay sensitivity
The sensitivity test for the tenfold serial dilutions of the bacterial lysates demonstrated that the assay could detect as few as 10 c.f.u. per assay of the A. baumannii strains that carried the bla OXA genes. From plate c.f.u. counts (in duplicate), we calculated that 1 ml (used for the real-time PCR DNA template) of a 10 26 bacterial suspension contained one to two bacteria, 1 ml of a 10 25 suspension contained 10-20 bacteria, and so on for the 10 24 , 10 23 , 10 22 and 10 21 serial dilutions. Fig. 2 shows the positive signals for dilutions from 10 21 to 10 25 for each of the four genes. The 10 26 dilution and further dilutions displayed the same signal level as water and the negative control (horizontal base line) (Fig. 2) .
Reproducibility
All assays were repeated twice on two different days and produced consistent results (mean±SD of 14±12 c.f.u. per assay). The shelf life for fluorescently labelled primer aliquots stored at 4 uC was determined and it was found that they provided consistent results for a minimum of 2 weeks. 2 and 3) .
Validation of the quadruplex TaqMan real-time PCR on clinical samples
This PCR assay detected the bla OXA-51 gene in all 57 A. baumannii strains, including 46 IMP-resistant and 11 IMPsusceptible A. baumannii strains (Table 1 and Fig. 3c ). Fig.  3 shows the results from positive and negative control samples and representative clinical strains. The bla OXA-23 gene was detected in 40 (87 %) of the 46 IMP-resistant A. baumannii strains (Table 1 , Fig. 3a) . Only one strain (5-64) was positive for the bla OXA-58 gene (Fig. 3d) . The bla OXA-24/40 -like gene was not identified in any of the 46 IMP-resistant strains but was positive for the control NCTC 13302 strain (Fig. 3b) . Five IMP-resistant A. baumannii strains confirmed as IMP-resistant by antimicrobial susceptibility test did not show a positive reaction with the primers and probes designed for detecting bla OXA-23 , bla OXA-24/40 and bla OXA-58 genes but were positive for the bla OXA-51 gene (Table 1) .
DISCUSSION
Several PCR assays for detecting class D carbapenemase genes in Acinetobacter have been developed (Woodford et al., 2006; Mostachio et al., 2009) . To our knowledge, this is the first report of a rapid fluorescence-based multiplex real-time PCR for detecting the four class D carbapenemase genes bla OXA-23 , bla OXA-24/40 , bla OXA-51 and bla OXA-58 in a single reaction.
The bla OXA-51 gene has been reported as a specific intrinsic gene in A. baumannii (Turton et al., 2006b) and in most cases does not express enough enzyme to confer resistance. This is thought to be due to lack of a promoter, usually an insertion sequence such as ISAbal, that is upstream of the gene and leads to overexpression of the OXA-51 carbapenemase (Turton et al., 2006a ). In the current study, we found that bla OXA-51 was carried by both IMP-resistant and -non-resistant A. baumannii strains but not other strains tested. Therefore, bla OXA-51 may serve as a surrogate marker for this species (Turton et al., 2006b) with the potential for carbapenem resistance, whilst acquired bla OXA-23 -like, bla OXA-24/40 -like and bla OXA-58 -like genes serve as functional gene markers encoding carbapenemases in A. baumannii (Poirel & Nordmann, 2006; Poirel et al., 2010) .
In this study, the bla OXA-23 -like gene was detected in 87 % of IMP-resistant A. baumannii isolates and the bla OXA-58 -like gene was detected in only one isolate (2 % , with experiments carried out in duplicate for each concentration.
inferring that ISAba1 plays a role in overexpression of OXA-51 for IMP resistance (Turton et al., 2006a) . Thus, supplementary tests such as previously described conventional PCRs for detection of class A and B b-lactamases, and the bla OXA-51 gene flanking region for ISAbal should be applied in the case of OXA-23, OXA-24 and OXA-58-like negative but IMP-resistant A. baumannii isolates.
This assay demonstrated a high specificity, with all positive-control strains confirmed as positive for their related targets, whilst non-Acinetobacter bacteria yielded negative results for each of the four bla OXA genes. This assay was able to detect as few as 10 c.f.u. per assay. Additionally, this multiplex real-time PCR method could include more sets of primers to cover other antibiotic resistance gene targets in the future. This assay will be applicable for laboratories equipped with real-time PCR instruments for early diagnosis of carbapenem-resistant A. baumannii.
